Background: Large Hsp70s are structurally similar to conventional Hsp70s but functionally less well understood. Results: The endoplasmic reticulum cognate Grp170 binds directly to substrates in vivo, which is modulated by structural elements characteristic for large Hsp70s. Conclusion: Grp170 serves as a nucleotide exchange factor and a chaperone. Significance: In addition to BiP another Hsp70 superfamily member fulfills ER chaperone functions.
The endoplasmic reticulum (ER) 2 is a dedicated protein folding compartment where nascent polypeptide chains fold, acquire further modifications like glycosylation and disulfide bonds and often assemble with other subunits before traversing further along the secretory pathway. These processes are both assisted and monitored by molecular chaperones (1, 2) . Two major chaperone classes of the ER are the lectins calnexin and calreticulin and the Hsp70 family member BiP (3) . In the case of BiP, binding to incompletely folded proteins is regulated by its bound nucleotide, ATP or ADP, and by various ER-localized DnaJ family members (ERdjs), which can deliver substrates to BiP and connect it to the ER functions of protein synthesis, folding or degradation (4, 5) . ERdjs stimulate hydrolysis of the BiP-bound ATP to ADP and thereby increase BiP's affinity for the substrate. Ultimately, ADP must be exchanged back to ATP so that substrates can be released and either fold or be degraded, a process controlled by nucleotide exchange factors (NEFs) (2, 6) .
One of the two NEFs in the mammalian ER is Grp170, also known as oxygen-regulated protein of 150 kDa (ORP150) (7) (8) (9) , which is a member of the large Hsp70 family. Homologs have been identified in the ER of all eukaryotic organisms examined (10) , and cytosolic orthologs also exist in these organisms (11, 12) . Large Hsp70s have a high degree of homology to conventional Hsp70s, as both possess an N-terminal nucleotide binding domain (NBD) followed by a ␤-sheet domain, which acts as the substrate binding domain (SBD) in conventional Hsp70s, and an ␣-helical domain at the C terminus. The increased size of large Hsp70s is due to the insertion of an acidic, unstructured loop in their ␤-sheet domain and an extended unstructured C terminus following the ␣-helical domain (11, 12) . In conventional Hsp70s, the ␣-helical domain serves as a lid for the SBD, whereas structural studies on Sse1p, the yeast cytosolic ortholog of Grp170, show instead that its ␣-helical domain reaches out to embrace the NBD of Hsp70 (13, 14) .
In addition to functioning as a NEF, both cytosolic and ER large Hsp70s have been shown to prevent heat-induced aggregation of luciferase in vitro (13, (15) (16) (17) (18) , but not much is understood about their ability to bind substrates in vivo. Grp170 coimmunoprecipitates with immunoglobulin (Ig) heavy and light chains (19, 20) and several other proteins (21) (22) (23) . However, it has remained unclear whether the association of Grp170 with these substrates is direct or occurs via its association with BiP, since both proteins are part of a multi-chaperone complex in the ER (20) , and BiP was present in the immunoprecipitated material in these studies (19, 21, 22) .
To more fully understand potential substrate binding by the large Hsp70s in vivo, we investigated the binding of Grp170 to a variety of substrates synthesized in the ER of mammalian cells. We demonstrate that Grp170 directly binds unfolded Ig subunits and to a lesser extent to nascent secreted substrates, suggesting that it acts as a bona fide chaperone in vivo. Grp170 remains bound to its substrates in the presence of ATP, while BiP is released from its substrates under these conditions, arguing for independent binding. Grp170 and BiP exhibit similar substrate binding patterns with various oxidation intermediates of the non-secreted light chain (NS-1 LC) and with two glycoforms of the T cell receptor ␤-chain (TCR␤). Finally, we show that both domains unique to large Hsp70s, the extended ␣-helical domain and the unstructured loop in the ␤-sheet domain, modulate substrate binding to Grp170. Together our data reveal that Grp170 directly interacts with unfolded protein substrates in cells, but the regulation of its substrate binding function is strikingly different than for conventional Hsp70s.
EXPERIMENTAL PROCEDURES
Cell Lines and Antibodies-COS-1 cells, an African green monkey kidney fibroblast cell line, were cultured in DMEM (Cellgro) supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/ml penicillin-streptomycin at 37°C in 3% CO 2, and P3U.1 cells, a mouse plasmacytoma line, were cultured in RPMI 1640 (Cellgro) supplemented with 15% FBS, 2 mM L-glutamine, 100 units/ml penicillin-streptomycin and 55 nM ␤-mercaptoethanol at 37°C in 5% CO 2 . A polyclonal anti-rodent BiP antiserum was used (24) . The monoclonal anti-HA antibody (12CA5) producing cell line was kindly provided by Dr. Al Reynolds (Vanderbilt University). The anti-Grp170 antiserum was produced by Rockland Immunochemicals Inc., by immunizing rabbits with the peptides STGQKRPLKNDEL and SAGQKRPSKNDEL corresponding to the human and mouse Grp170 C terminus, respectively, along with the purified NBD (aa 36 -427) of human Grp170. All other antibodies were obtained commercially: goat anti-mouse LC (1050 -01) and goat anti-mouse LC (1060 -01) (SouthernBiotech); rabbit anti-FLAG (F7425) (Sigma-Aldrich); HRP-conjugated goat anti-rabbit (sc-2054), and HRP-conjugated donkey anti-goat (sc-2020) (Santa Cruz Biotechnology); anti-TCR␤ (TCR1151) (Thermo Fisher Scientific).
Expression Vectors and Generation of Grp170 Mutants-The pSVL expression vectors encoding the truncated ␥HC with a double HA-tag, mHC HA (25), NS-1 LC (26), murine LC (26), C L (27) , and TCR␤ (28) have been described, as have the pMT vectors expressing wild-type BiP and the BiP T37G mutant (29, 30) . A human Grp170 cDNA clone in the pcDNA3.1(ϩ) vector was a generous gift of Dr. Osamu Hori (Kanazawa University, Japan), into which we introduced a Kozak sequence (GCCACC) before the initiating methionine to increase expression. Where indicated, a FLAG-tag (DYKDDDDK) flanked by a GS-linker at the 5Ј-and 3Ј-site was inserted before the KNDEL ER-retention sequence of Grp170 (Grp170 wt FL ) to distinguish between endogenous and transfected Grp170. The resulting construct was used as a template for generating Grp170 mutants via the restriction-free mutagenesis method (31). To obtain the Grp170 domain mutant lacking the predicted C-terminal ␣-helical domain (Grp170 ⌬C-term FL ), amino acids 712-994 were deleted. The unstructured loop-deficient Grp170 mutant (Grp170 ⌬loop FL ) was generated by replacing amino acids 591-696 with a GS-linker to connect the flanking ␤-sheets. A double mutant lacking both the ␣-helical domain and the unstructured loop (Grp170 ⌬C-term, ⌬loop FL ) was produced by using the Grp170 ⌬loop FL construct as a template and deleting the C-terminal ␣-helical domain as described above. All constructs were sequenced for verification.
Transfections-COS-1 cells were plated 24 h prior to transfection, which was performed using GeneCellin (BioCellChallenge, France) according to the manufacturer's protocol. For the analysis of Grp170 binding to Ig-substrates (Figs. 1 and 6), 0.4 g of Grp170, 0.6 g of BiP and 2.5 g of indicated substrates were used for a p60 dish. For the analysis of Grp170 binding to NS-1 LC in the presence of BiP WT and BiP T37G (Fig.  4 ), the amount of Grp170 cDNA transfected was reduced to 0.02 g to prevent accumulation of an unglycosylated form of Grp170. Grp170-TCR␤ interaction experiments were carried out in p100 dishes transfected with 0.06 g Grp170, 1.8 g BiP and 7.5 g TCR␤. To determine interactions between Grp170 mutants and BiP (Fig. 5 , C and D), 0.4 g of the indicated Grp170 construct and 1.5 g of BiP were transfected in a p60 dish of COS-1 cells.
Metabolic Labeling Experiments-Twenty-four h post-transfection, cells were pre-incubated in complete DMEM labeling media (Cellgro) supplemented with 10% dialyzed FBS for 30 min, and pulse-labeled with 100 Ci/p60 or 300 Ci/p100 of EasyTag TM EXPRESS35S Protein Labeling Mix (Perkin Elmer) as indicated. To analyze chaperone association with substrates, the cells were washed and chased in complete media supplemented with 2 mM unlabeled Cys and Met for 1 h to allow chaperones to mature properly and enter an active pool. Cells were lysed in 1 ml of Nonidet P-40 lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.5% Nonidet P40 substitute, 0.5% sodium deoxycholate, 0.1 mM PMSF, 1ϫ Roche complete protease inhibitor tablets w/o EDTA) supplemented as indicated with either with 10 units/ml of apyrase (Sigma-Aldrich) or with 2 mM Mg-ATP (Sigma-Aldrich) and 25 mM KCl (Fisher Scientific). After clearing the lysate at 20,000 ϫ g for 15 min at 4°C, the supernatant was divided and immunoprecipitated with the indicated antibodies overnight. Immune complexes were isolated with CaptivA TM PriMAB Protein A agarose slurry, washed with Nonidet P-40 washing buffer (50 mM Tris/HCl, pH 7.5, 400 mM NaCl, 0.5% Nonidet P40 substitute, 0.5% sodium deoxycholate), eluted with 2x reducing Laemmli buffer and analyzed by SDS-PAGE. The resulting gels were incubated in Amplify (GE Healthcare, Pittsburgh, PA) supplemented with 3% glycerol for 30 min at room temperature before they were dried. To determine the kinetics of NS-1 LC binding to Grp170 and BiP, P3U.1 cells were split the day prior to the experiment, and 15 ϫ 10 ∧ 6 cells were pulse-labeled with 1 mCi of EasyTag TM EXPRESS35S Protein Labeling Mix in 10 ml RPMI labeling media (Cellgro) that was supplemented with 15% dialyzed FBS and chased for the indicated times. Cells were lysed in 1.5 ml Nonidet P-40 buffer in the presence of apyrase by rotating at 4°C for 1 h. 150 l of the clarified lysate were immunoprecipitated with anti-mouse LC, 200 l with anti-rodent BiP and 1100 l with anti-Grp170. Further steps were carried out as described above.
To determine the solubility of the Grp170 single domain mutants, cells were lysed with Nonidet P-40 lysis buffer supplemented with ATP. After centrifugation, the Nonidet P-40 insoluble pellets were dissolved in 50 l of Tris-SDS-buffer (50 mM Tris/HCl, pH 8.0, 2% SDS) and incubated at 95°C for 20 min with frequent agitation. Subsequently, 950 l of Nonidet P-40 lysis buffer with ATP was added to the solubilized pellets, and proteins were analyzed via immunoprecipitation as described above. Endo H (NEB) digestions were carried out according to the manufacturer's instructions.
Immunoprecipitation Coupled to Western Blot Experiments-To examine the molecular forms of NS-1 LC that Grp170 and BiP interact with, 2 ϫ 10 6 P3U.1 murine plasmacytoma cells, which naturally synthesize the NS-1 LC, were used. 10 mM DTT was added to one half of the culture 30 min before lysis to reduce the LC while the other half remained untreated. In both cases, cells were washed with PBS supplemented with 20 mM NEM and lysed in the presence of apyrase or ATP as indicated with Nonidet P-40 lysis buffer supplemented with 20 mM NEM. Lysates were pre-cleared with CaptivA TM PriMAB protein A-agarose slurry for 30 min at 4°C, and immunoprecipitations were carried out with the indicated immune reagents as described above. After separating proteins on 13% non-reducing SDS-PAGE gels and transferring them to a PVDF membrane, proteins were detected by blotting with the indicated antiserum following a standard protocol using Gelatin Buffer (0.1% gelatin, 15 mM Tris/HCl, pH 7.5, 130 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.002% NaN 3 ). Primary antibodies were used at a dilution of 1:1000, while secondary species-specific HRP-conjugated antibodies were diluted 1:10,000.
Quantification and Analysis of the Data-To quantify metabolically labeled proteins, a Storm 860 phosphorimager scanner (GE Healthcare, Pittsburgh, PA) was used, and the signals were analyzed with the ImageQuant TL software (GE Healthcare). For the analysis of the percentage of NS-1 LC bound to Grp170, BiP or BiP T37G , signal of NS-1 co-immunoprecipitating with the various chaperones was divided by the signal obtained by immunoprecipitating with anti-LC antibody. Association of Grp170 domain deletion mutants with mHC HA or NS-1 LC was calculated as follows in Equation 1. Only the signal of the fully glycosylated form of Grp170 was included in the analysis, and the value of calculations in the presence of Grp170 wt FL was set to 1. The binding of Grp170 single domain deletion mutants to NS-1 LC was calculated analogously to mHC HA . p values associated with all comparisons were derived from paired two-tailed Student's t-tests. Results are shown as means Ϯ S.E.
Structural Modeling of Grp170-The homology models of human Grp170 was based on the crystal structure of Sse1p bound to Hsp70 NBD (Protein Data Bank code: 3D2F) and built with Yasara Structure (www.yasara.org) as previously described (32) .
RESULTS
Grp170 Directly Binds to Unfolded Ig Substrates in Vivo-To study Grp170's substrate binding characteristics in vivo, we chose several Ig proteins with well-defined folding characteristics. These included the well-folded constant domain of the Ig lambda light chain ( C L ) (27), a secreted lambda light chain ( LC) that transiently interacts with BiP during its maturation (27) , and three substrates that possess unfolded domains: the NS-1 LC, whose V L domain does not fold (26) ; an Ig gamma heavy chain (␥HC) in which the first constant domain (C H 1) remains unfolded in the absence of its partner, the LC (33, 34); and a truncated, HA-tagged version of the ␥HC that is devoid of the second and third constant domain (mHC HA ) (25) ( Fig. 1A) .
COS-1 cells were co-transfected with BiP, Grp170 and one of the various Ig constructs and metabolically labeled 24 h later. As the binding of BiP to substrates is stabilized in the absence of ATP, whereas ATP addition releases substrates (1, 5, 30) , cell lysates were prepared with either Mg-ATP or with apyrase to hydrolyze ATP. Subsequently samples were immunoprecipitated with substrate-specific immune reagents ( Fig. 1B ). As expected, in the presence of apyrase a band migrating at the size of BiP co-precipitated with all of the Ig proteins, except the well-folded C L domain, and was released from these substrates by ATP ( Fig. 1B ). We observed that in the presence of apyrase an additional band migrating at the expected size of Grp170 similarly bound to the substrates with permanently unfolded domains: NS-1 LC, ␥HC, and mHC HA . Only trace amounts of this band were detected with the secretion-competent LC, whereas no binding was observed to the well-folded C L domain (Fig. 1B) . The identity of the co-precipitating bands as BiP and Grp170 was confirmed using immunoprecipitation coupled with Western blotting (Fig. 1C ). Nonspecific binding of the different substrate-targeted antibodies to Grp170 or BiP was excluded by transfecting cells with BiP, Grp170, and an empty vector instead of substrates ( Fig. 1D) . Since Grp170 and BiP bound to the same substrates, and because Grp170 and BiP form a complex in vivo (20) , the binding of Grp170 to these substrates in the presence of apyrase could be due to its interactions with BiP. However, when we released BiP by adding ATP, no decrease in Grp170 association with any of these substrates was detected ( Fig. 1, B and C) . This demonstrates for the first time that Grp170 binds substrates independent of the presence of BiP in vivo.
Grp170 and BiP Bind to the Same Molecular Species of Different Substrates-The fact that BiP and Grp170 bind the same Ig substrates (Fig. 1, B and C) , led us to ask if they recognized different molecular intermediates of the various substrates. NS-1 LC exists in two different oxidization states in the cell; one in which only the C L domain has formed its internal disulfide
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JANUARY 31, 2014 • VOLUME 289 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 2901 bridge (ox1) and one where the V L and C L domains are both oxidized (ox2) (26, 35) . To analyze the interaction of BiP and Grp170 with this substrate in a native setting, we used the myeloma cell-line P3U.1, which naturally produces the NS-1 LC (26) and performed immunoprecipitation-coupled Western blotting assays. As previously reported (26, 35) , BiP coimmunoprecipitated only the ox1 form of the NS-1 LC under non-reducing conditions ( Fig. 2A ). Reduction of the NS-1 LC disulfide bonds in cells with DTT resulted in a slight reduction in the LCs mobility (ox0 form), as expected, and dramatically enhanced co-precipitation with BiP ( Fig. 2A ). Of note, Grp170 also only bound to the partially oxidized (ox1) species of NS-1 LC in non-treated cells and also showed increased binding to the fully reduced form (ox0) when cells were treated with DTT ( Fig. 2A ). Thus, in terms of oxidation status, our data show that BiP and Grp170 recognize the same molecular form of the NS-1 LC in a native setting and both exhibit increased binding to the fully reduced ox0 form.
In addition to disulfide bond formation, N-linked glycosylation is another typical modification occurring on proteins synthesized in the ER. Many ER proteins are glycosylated on asparagine residues within Asn-X-Ser/Thr sequons (1, 3) . It has been reported that the T cell receptor ␤-chain (TCR␤) populates two isoforms that vary in their degree of glycosylation and which are readily distinguished by SDS-PAGE (28, 36) . Although the majority of TCR␤ is glycosylated at two sites co-translationally, a species can be detected that is only glycosylated on a single site ]cysteine/methionine for 1 h and chased for 1 h to allow maturation of the chaperones before lysing either in the presence of ATP or apyrase. Lysates were immunoprecipitated with the indicated reagents and separated by 12% SDS-PAGE followed by autoradiography. C, lysates from cells transfected as in B were immunoprecipitated with substrate specific antibodies, separated by SDS-PAGE and transferred to membranes that were blotted with either anti-Grp170, anti-BiP or anti-substrate antisera followed by species-specific secondary reagents. D, COS-1 cells were transfected and analyzed as in C, except an empty vector was transfected instead of ones encoding the substrates. A, unlabeled P3U.1 murine myeloma cells were lysed either in the presence of apyrase or ATP, immunoprecipitated with the indicated reagents and analyzed under non-reducing conditions. As BiP is ϳ10-fold more abundant than Grp170 in the cell (46) , five times more lysate was used for Grp170 immunoprecipitations than for LC or BiP. Isolated proteins were separated on 13% SDS-PAGE gels and transferred for blotting with the indicated reagents. B, COS-1 cells were transfected with vectors encoding TCR␤, Grp170, and BiP, pulse-labeled with [ 35 S]cysteine/methionine for 0.5 h, chased for 1 h and lysed either in the presence of apyrase or ATP. Interactions between TCR␤, Grp170, and BiP were analyzed via immunoprecipitation with the indicated antisera and separation on 10% SDS gels. Four times less lysate was used for the TCR␤ immunoprecipitation than for Grp170 or BiP to make both species of TCR␤ visible. The mobility of the two TCR␤ glycoforms is indicated.
(28). COS-1 cells were co-transfected with vectors encoding TCR␤, BiP, and Grp170. Metabolic labeling experiments revealed that BiP bound a significantly smaller fraction of the fully glycosylated form than of the less glycosylated form (Fig. 2B ). When Grp170 association with TCR␤ was examined, we found that although it bound to less of the TCR␤ than BiP, its pattern of binding to the two glycosylation species was very similar to that of BiP (Fig. 2B) . Thus, our data show for two different substrates and two different types of ER-specific protein modifications that Grp170 and BiP bind similar molecular species in vivo. Release from BiP Is Not Required for Substrate Binding to Grp170-Our data revealed that Grp170 and BiP associated with the same substrates (Fig. 1, B and C) and to the same molecular forms of two different substrates (Fig. 2) . As the NEF function of Grp170 could induce BiP release from substrates leading to a subsequent transfer to Grp170, we wished to determine if Grp170 acted downstream of BiP. To address this, we performed a pulse-chase experiment using the P3U.1 cells so that interactions between endogenous proteins in a native setting could be examined. Consistent with a previous report (37), the NS-1 LC could be co-immunoprecipitated with BiP immediately after labeling, and the amount bound to BiP decreased over time as the LC was degraded ( Fig. 3, left panel) . When the binding of NS-1 LC to Grp170 was examined, no association was detected initially, but in contrast to its binding to BiP, we observed a slight increase of NS-1 LC binding to Grp170 over time ( Fig. 3, right panel) .
To better understand what appeared to be a temporal relationship between the binding of these two chaperones to the NS-1 LC, we asked if BiP must be released from the substrate for Grp170 to bind. To do so, we expressed a BiP "trap" mutant that is defective in ATP-induced substrate release (BiP T37G ) (38) ( Fig. 4A ) and examined the effect on Grp170 binding to NS-1 LC. If Grp170 binding to its substrates would depend on direct substrate transfer from BiP, then the amount of NS-1 LC bound to Grp170 in the presence of BiP T37G should be reduced. As expected, significantly more NS-1 LC remained bound to BiP T37G after the addition of ATP as compared with wild-type BiP, whereas the association of NS-1 LC with Grp170 under these conditions was not significantly affected (Fig. 4A ). When cell extracts were prepared in the presence of apyrase, the per-centage of NS-1 LC associated with BiP T37G was slightly increased (Fig. 4B) . Although the increased binding to BiP T37G was not dramatic, there was no indication that this resulted in a decrease in the amount of NS-1 LC bound to Grp170 (Fig. 4B ), suggesting that Grp170 binding to a substrate does not depend on its release from BiP.
Grp170's Characteristic Structural Elements Modulate Substrate Binding-The fact that ATP did not have as profound of an effect on substrate release from Grp170 as has been estab- 
lished for the conventional Hsp70 BiP (30, 39) , led us to explore how substrate binding to Grp170 might be regulated. All large Hsp70s possess unique structural features, which set them apart from conventional Hsp70s: an unstructured loop insertion within the ␤-sheet domain and an extended ␣-helical domain at the C terminus ( Fig. 5A ). Although uncharacterized in this regard, we hypothesized that these structural elements might play a role in substrate binding in vivo. Thus, we modeled Grp170 based on the crystal structures of its cytosolic orthologue Sse1p (13, 14, 40) and constructed a number of domain deletions mutants (Fig. 5A ) with a FLAG-tag for specific isolation. We found that all mutants, except for a double mutant of Grp170 in which both the unstructured loop insertion and extended ␣-helical domain were deleted (Grp170 ⌬C-term, ⌬loop ), where the structural integrity was likely perturbed, remained soluble ( Fig. 5B ) and none were secreted (data not shown). Consistent with nine predicted glycosylation sites, all domain deletion mutants were glycosylated ( Fig. 5B ), suggesting that glycosylation was occurring throughout the protein. This finding is in contrast to a previous study on mouse Grp170 expressed in insect cells where only the NBD was glycosylated (17) . We next determined the effect of the domain deletions on the ability of Grp170 to interact with BiP, since structural data obtained for the yeast large Hsp70s argued that the ␣-helical domain at the C terminus reaches out to embrace the NBD of its partner Hsp70 when acting as a NEF (7, 13, 14) . A very minor unglycosylated species was detected for all mutants (Fig. 5B) , which was less stable than the fully glycosylated form. As we were concerned that this unglycosylated form might interact with BiP as an unfolded substrate instead of a NEF, we performed metabolic labeling experiments with an extended chase period of 16 h to allow the unglycosylated species to be degraded (Fig. 5, C and  D) . The association of the two deletion mutants with BiP was determined both in the presence of apyrase (C) and ATP (D). Under these conditions, both Grp170 deletion mutants bound to BiP as well as the full-length protein and this association was not disrupted by the presence of ATP (Fig. 5D ) arguing that neither the extended ␣-helical domain nor the unstructured loop insertion were essential for the BiP-Grp170 interaction in vivo and that none of these associations represented a chaperone:client interaction. Similar results were obtained when interactions were examined by Western blotting (data not shown).
To assess the effect of the domain deletions on substrate binding, COS-1 cells were co-transfected with the indicated Grp170 constructs along with BiP and the various Ig substrates (Fig. 6 ). Cells were lysed in the presence of ATP to release BiP. All detected interactions were specific, as none of the antibodies used to immunoprecipitate substrates bound any of the Grp170 constructs (data not shown). Similar to data obtained with wild-type Grp170 (Fig. 1, B and C and Fig. 6 ), neither of the Grp170 mutants bound to the well-folded C L domain (Fig. 6) . Interestingly, deletion of the ␣-helical domain at the C terminus of Grp170 (Grp170 ⌬C-term ) appeared to decrease its binding to mHC HA , NS-1 LC and LC compared with wild-type Grp170 (Fig. 6) . A quantitative analysis, where feasible due to signal intensities, confirmed a significant reduction in the binding of Grp170 ⌬C-term to mHC HA and NS-1 LC (Fig. 6) relative to wild-type Grp170. In striking contrast, absence of the unstructured loop visibly increased binding of Grp170 ⌬loop to these same three substrates ( Fig. 6 ). Quantitative analyses showed that the binding of Grp170 ⌬loop to mHC HA and NS-1 LC was ϳ2.5 fold greater than for Grp170 WT (Fig. 6 ). To rule out any influence from slight variations in the expression levels of the Grp170 mutants, the binding values were normalized to the amount of Grp170 present (see experimental procedures for details). These results demonstrate an important role for both of the large Hsp70-specific domains in substrate binding in vivo: the ␣-helical domain at the C terminus increases substrate binding, whereas the unstructured loop negatively regulates Grp170 binding to substrates.
DISCUSSION
Identification and Characterization of Direct Grp170:Substrate Interactions in Vivo-Our understanding of the ability of large Hsp70 family members to bind to substrates is based on a combination of in vitro studies with purified proteins (13, 15-18, 41, 42) and co-immunoprecipitation with the multichaperone complexes formed in vivo (19 -23, 43) . The contribution of the various domains and regulation of substrate binding to large Hsp70s has remained poorly understood. In the case of experiments where Grp170 was co-immunoprecipitated from cell lysates, BiP was also present (19 -22) , thus leaving it ambiguous as to whether Grp170 bound to substrates directly or only via BiP. The release of BiP from isolated complexes by ATP allowed us to demonstrate that Grp170 directly binds to several partially folded or unfolded ER substrates in vivo, extending in vitro studies with purified recombinant mammalian (17) and yeast (15) Grp170, as well as other cyto-solic large Hsp70s (13, 16, 18, 44) , which showed that all of them prevented the aggregation of denatured luciferase.
A crystal structure of Sse1p in complex with the NBD of Hsp70 revealed that the C-terminal ␣-helical domain provides a major interaction site with the Hsp70 NBD, which is important for Sse1p's nucleotide exchange activity (13, 14) . Crosslinking studies confirmed a similar interaction between ER resident large and conventional Hsp70s (7) . In our studies, we found that deletion of the ␣-helical domain of Grp170 did not disrupt Grp170Јs interaction with BiP in vivo (Fig. 5, C and D) , but did significantly reduce its interaction with substrates ( Fig.  6 ). These data together with an in vitro study demonstrating that a purified protein construct corresponding to only this C-terminal region of Grp170 prevented luciferase aggregation (17) , suggests a more direct role for this domain in substrate interaction. Thus, it is possible that the ␣-helical domain at the C terminus exists in different conformations to support the two distinct roles of large Hsp70s as NEFs or chaperones or that this domain has additional functions in the ER orthologue.
Regulation of Substrate Binding by Grp170-The binding and release of conventional Hsp70s to substrates is regulated by whether ATP or ADP is present in the NBD (1, 5) . Indeed, when we prepared cell lysates with ATP, the BiP:substrate complexes were dissociated as expected. However, the Grp170:Ig substrate complexes were not. This is compatible with data showing that recombinant yeast Grp170, Lhs1p, could suppress the aggregation of denatured luciferase regardless of whether it was in the apo-form or had ADP or ATP present in its NBD (15) . That study also demonstrated that unlike Hsp70s, the ADPversus ATP-bound form of Lhs1p did not give distinct protease protection patterns, which in the case of Hsp70s reflects changes in the interaction between the NBD and SBD that affect substrate binding (15) , although there may be some species-specific differences (41) . Consistent with these in vitro studies, we found that Grp170 remained bound to the Ig substrates when ATP was added. Together these data reveal differences in the regulation of substrate binding to the large and conventional Hsp70s.
In contrast to the ␣-helical domain, the function of the acidic unstructured loop insertion in the ␤-sheet domain has remained completely unclear. Deletion of this loop in yeast Sse1p diminished its ability to suppress luciferase aggregation in vitro (13) . Conversely, deletion of this loop from human Hsp110 increased its ability to maintain luciferase in a soluble form but decreased its ability to refold it in the presence of reticulocyte lysates which contain conventional Hsp70s (16) . The latter data might suggest enhanced binding of Hsp110 to luciferase but reduced release, which is compatible with our finding that deletion of this domain from Grp170 resulted in strongly enhanced binding to all of the Ig substrates we analyzed in this study. It is conceivable that the unstructured loop occludes the SBD (e.g. when Grp170 is functioning as a NEF for BiP), and that the removal of this region exposes the SBD thereby increasing its affinity for substrates. Alternatively, it is possible that the unstructured loop is critical for substrate release, as the mechanism for substrate release remains unknown for all large Hsp70 family members. Further structural studies with a large Hsp70 bound to either a peptide or a substrate or identification of potential co-factors for these large chaperones will be required to address these possibilities.
Why Have Two Hsp70-type Proteins That Bind Similar Molecular Forms of the Same Substrates?-An intriguing finding of our study was that both BiP and Grp170 not only bound the same substrates but within the limitations of our study even appeared to interact with the same molecular forms of these proteins. Since BiP is much more abundant than Grp170 in a cell (45, 46) , questions arise as to why both proteins are present and essential, and why the large Hsp70s like Grp170 possess the dual ability to bind to substrates as well as to have NEF activity. Although definitive answers to these questions will require further studies, it is interesting to speculate on possible reasons. First, it is conceivable that Grp170's substrate binding activity becomes much more important under conditions where BiP levels become limiting, as could occur during certain cellular differentiation stages or during ER stress. In the ER, where BiP is the only ER Hsp70 family member, this is a possibility, but in the cytosol, which contains multiple constitutive and inducible Hsp70s and in some cases also possesses several large Hsp70s, this possibility is less appealing. Alternatively, it is possible that Grp170 and BiP bind to different sites on the same substrates or do not have completely overlapping substrates, as suggested by in vitro studies with large Hsp70s (42, 43, 47) . Finally, the binding of Grp170 to proteins might signal a different fate for the substrate than when it is associated with BiP. In support of the latter possibility, a recent study demonstrated that Lhs1p was required for the degradation of the ␣-subunit of the ENaC channel, while BiP was dispensable (48) . In this regard it is interesting to note that we observed different binding kinetics for BiP and Grp170 with the NS-1 LC, with Grp170 binding later than BiP. More studies are required to determine if this is a general activity of the large Hsp70s, and our work now provides a set of substrates to address these questions.
In conclusion, we have demonstrated that mammalian Grp170, the only ER member of the large Hsp70 family, can directly bind to a variety of incompletely folded protein substrates in vivo establishing it as a chaperone. We found that Grp170 shows a pattern of binding to these substrates that is similar to BiP, including their folded state and the effects of post-translational modifications. The regulation of its binding to substrates, both in terms of dependence on nucleotide and intramolecular contributions, was strikingly distinct from that of conventional Hsp70s. Based on the high degree of structural conservation between large Hsp70 family members in the cytosol and ER, our data also provide new insights into the regulation of chaperone functions for other large Hsp70s.
